ABSTRACT
Introduction
denotes the elastic modulus and τ (1 ms -1000 s) is the relaxation time. 1 The reptationreaction model 2 for WMs proposes that the relaxation time is the geometric mean of two characteristic times: for micellar breaking and recombination, and for micellar reptation.
When WM fluids are submitted to a steady flow, they can show shear banding 1, 3 that is a transition between a homogeneous and a non-homogeneous state of flow 4, 5 where macroscopic bands bearing different shear rate coexist in the fluid. In most of the cases, shear bands develop in the velocity gradient direction (gradient banding), although vorticity bands have also been observed (vorticity banding). 6 Gradient banding is usually related with a plateau in the shear stress (σ) vs shear rate (γ ) flow curve. Sometimes, shear thickening precedes shear banding, i.e., a σ-jump at specific γ . 7 Commonly, the stress plateau is not completely flat, but slopes upwards slightly with increasing γ ; 5, 8, 9 this slope could be related to concentration coupling. 8 In a gradient banding simple scenario, the fluid is divided into two macroscopic regions separated by a thin steady interface of finite width (typically of a few tents of micrometers). One region flows at high shear rate showing a strong birefringence 4, 5 related to some kind of micellar orientational order. Neutron scattering and nuclear magnetic resonance under shear have confirmed a nematic signature of this region in a particular case. 4 The second region made mainly of isotropic fluid, flows at low shear rate. 4, 5 Micellar aggregates under flow remain cylindrical and it is expected that the contour length distribution might depend on imposed flow. 10 The specific features of shear banding and of non-linear mechanical response depend on surfactant concentration, 4, 11, 12 on electrostatic interaction due to micelle screening, 1 and on shear conditions, i.e., imposed shear stress or shear rate. 13 Also, the kinetics of banding structure formation and the spatiotemporal dynamics of the interface between bands in the shear-banding flow have been studied, revealing the existence of a destabilization process that is not well understood. 14 Theoretical work cast doubts on the theoretical picture of two stable shear bands separated by a steady interface. 15, 16 Studying linear stability of the shear banded planar Couette flow for the Johnson-Segalman fluid, it was shown for the case of no stress diffusion that flow is unstable for long waves for almost all arrangements of the two shear bands. 15 In the case of a weak diffusion, a small stabilizing effect is present, although the basic long-wave instability mechanism is not affected. 15 Two driving forces for the instability were identified: discontinuity of shear rate and of normal stress across the interface.
Shear banding is considered a mechanical instability consequence of a multivalued non-monotonic constitutive curve, 17, 18 where the stress increases linearly with increasing γ , passing through a maximum and then through a minimum before increasing again. Two branches of the constitutive curve, one at low and one at high shear observations in shear banding systems. 19 Shear banding has also been considered as a non-equilibrium phase coexistence between an isotropic and a strongly aligned phase, which has a lower viscosity than the quiescent phase. 7, 9, [20] [21] [22] In some cases, band volumes follow an expression equivalent to the lever rule. 20 Olmsted and Lu, 7, 21, 22 have developed a rigid rod suspension model that has shown a rich non-equilibrium phase behavior. They point out that phase separation is possible under conditions of both common stress (gradient banding) and common strain rate (vorticity banding).
The complex behavior of WM solutions makes clear that more advanced techniques are required for accessing the flow field and the mesostructural organization as a function of both space and time in the sheared fluid. Measurements of velocity profiles in a Couette cell for a sheared WM fluid made of cethylpyridinium cloride (CPCl) / sodium salicylate (NaSal) in brine, have provided evidence for the simple gradient shear-banding scenario according to which the effective viscosity drop in the system is due to nucleation and growth of a highly sheared band in the gap, whose thickness linearly increases with imposed shear rate, following the lever rule. 23 However, this scenario is far from being general. For example, NMR velocimetry measurements have shown that the shape of these bands is different from those seen by optical birefringence. [24] [25] [26] In particular, the highly aligned region is not necessarily a phase of low viscosity and under conditions of near constant stress, shear bands are sometimes subject to rapid positional fluctuations. 24 Local measurements of the extinction angle in a WM solution made of cetyltrimethylammonium bromide (CTAB) / KBr / water at steady flow, have shown that the fluid splits into two homogeneous bands in the gradient direction.
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These bands are separated by a mixed layer whose width can reach half of the gap, where the WM orientation respect to the flow direction varies continuously. WMs in the layer located close to the moving cylinder are almost fully aligned along the flow direction. A comparison of this banding profile with the predictions of the lever rule showed that orientation bands do not coincide in a simple way with the shear bands. 11 Therefore, band structure found in Ref [11] appears strongly different from the simple scenario. However, they did not get a clear picture of the mixed layer; the results appear to them consistent with an interface which can be broad, or thin and fluctuating, or as a third phase. 11 The widespread instability obtained by linear instability analysis, 15, 16 as well as from accumulating evidence of important deviations from the simple scenario and of important fluctuations in shear banding systems, 11, 14, 27 suggest that the existing picture of two stable shear bands separated by a thin steady interface needs further research.
Viscoelastic properties of WM solutions of CTAB in water with different proportions of NaSal, were studied by Shikata et al. 28, 29 At low shear rates, this system follows both a Newtonian behavior 28, 29 and the stress-optic law. 30 Increasing the shear rate, a gradient shear banding and a stress plateau are observed, 31, 32 even without added salt. 4 At the plateau, the larger imposed shear rate the larger amount of highly birefringent fluid. 4 When shear banding is reached, velocity profiles have confirmed the existence of two bands with different shear rate in the semidilute regime (NaSal / CTAB:
100 / 50 mM @ 23 o C). 32 Shear thickening and temporal oscillations in shear stress at the right end of the stress plateau have been observed. 31, 32 Shear banding under transient flow 33 and micro-rheology have also been studied in this system. 34 As we will show in this study, the simple scenario is not valid even in this wormlike micellar system, if surfactant concentrations and R value are modified. Inhomogeneous flow could be observed, although it cannot be classified as shear banding. In addition, as shear rate increases and before shear banding appears, instead of a thin interface, a fluctuating intermediate band can be observed. In this paper, to understand the nature of this peculiar inhomogeneous flow, velocity profiles under Couette flow were determined for two micellar solutions, at R=2 and R = 4 ([CTAB] = 100 mM and T = 20 ºC), using a twoincident beam laser Doppler technique. 35, 36 At both ratios, the system is in the semidilute regime, but close to the concentrated regime (mesh size is of the order of persistence length 34 ) and micelles are not electrostatically screened by addition of a salt. An important difference between both micellar solutions is the contour length; contour length of micelles at R = 2 is about three times larger than contour length of micelles at R =4.
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As we will show, at both ratios the system presents a similar Maxwellian dynamic viscoelastic spectrum. Consistent with contour lengths, relaxation time for R = 2 is larger than relaxation time for R = 4. Velocity profiles reveal that one of the micellar solutions However, at high imposed shear rates, the previous slipping block flows presenting a linear profile. In the high shear rate regime, velocity profiles are consistent with gradient shear banding. Apparently, we have observed the onset of shear banding. On the contrary, for the R = 4 solution, the flow never becomes heterogeneous even at high shear rates.
Depending on the kind of instrument used to make the rheometric measurements under 
The coefficients of the 4w frequency components are measured and filtered out using two lock-in amplifiers. Constants were obtained with linear fitting (correlation coefficients are better than 0.91).
As we can observe, velocity fluctuations of the slipping block close to the wall are not as important as those for the fluid close to the moving wall (Fig. 2b , velocity dispersion at rate (at t = 0). In the first scanning (Fig 5a) , V(r) shows three different regions in the fluid. Close to the static cylinder, the slope of the curve is less than zero due to the elastic character of the fluid. Curiously, here the correlation functions are perfectly defined, in spite of being a transitory response. In the next scanning ( 
Velocity profiles for R = 4
In Fig. 7 , velocity profiles for R = 4 are presented for several imposed shear rates.
Here, we can observe that the local mean velocity is a linear function of position along the gap. Inset Fig. 9 ). In this range the fluid is thinning, but the velocity profile is linear (Fig. 7) . So, we infer that a continuous alignment of wormlike micelles is under way as imp = γ increases. The flow curve at R = 4 recalls those curves above the critical point in a master dynamic phase diagram. 5 The system is above the coexistence dome where phases supporting different shear rates cannot coexist.
In summary, the WM solution at R = 4 is a rheo-thinning fluid between two Newtonian regimes. It does not matter what cylinder is used to sense the stress when shear is imposed, because velocity profiles show that this is a homogeneous fluid where local mean velocity depends linearly on position. Although, some slipping can be present on the static boundary (Fig. 7) nothing suggests shear banding, slipping blocks, or some flow discontinuity.
Thixotropic loops, birefringence and light attenuation under shear for R = 2 Although from our birefringence measurements, the contribution to birefringence from every part of the fluid cannot be known, our measurements (not shown) were in agreement with previous reported results. 30 In our results for 0. 
Relation between shear flow curves and velocity profiles
In spite of using exactly the same techniques and protocols for obtaining velocity profiles and flow curves for the micellar solutions studied here, depending on where stress is , attains its high shear limiting value. 17 The complete expression for the shear stress is a difference of two terms: The behavior of stress oscillations can be more clearly observed in shear inception experiments. As mentioned, when shear rate is imposed and stress is sensed with the static cylinder (Ares rheometer), the shear stress average measured after long time of shearing follows closely the up-shear TL curves (Fig 10, hollow squares Fig. 11 . Some stress oscillations were followed for more than one hour and during this period of time, the amplitude of the oscillations did not decline.
Using Fourier analysis, we can distinguish several dominant frequencies in the stress (Fig 11a) . For imp γ = 2 s -1 (Fig. 11a) and for imp γ = 3.5 s -1 (Fig. 11b) 
Conclusion
We 
